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Novel Science with Polarized X-rays

Polarized X-rays at the APS
Sector 4 is a dedicated facility to provide 

linear and circular polarized x-rays

4-ID-C:
0.5 - 3 keV

4-ID-D:
2.5 - 40 keV

Polarization dependent probes of electronic/magnetic properties
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Outline

 Science being done now

 Science that can’t be done

 What we need to do it
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Complex Materials

Mn

Ga

Ferromagnetic
Semiconductors

Understanding materials key to basic science and new technologies

Complex Oxides
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Polarization dependent 
x-ray measurements are 
crucial to understanding 

the physics of these 
materials!
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Information from Polarized X-rays

• Element-specific

• Bond-specific

• Electronic structure

• Magnetism

- ferromagnetism with circular polarization

- anti-ferromagnetism with linear polarization

• Dynamics at the ps level?
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Electronic Structure of Oxides
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Orbital Ordering in the Ruthenates
How do electronic orbitals arrange in a 2 dimensional lattice?

Orbital Ordering Transition in Ca2RuO4 Observed with Resonant X-Ray Diffraction
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Resonant x-ray diffraction performed at the LII and LIII absorption edges of Ru has been used to
investigate the magnetic and orbital ordering in Ca2RuO4 single crystals. A large resonant enhancement
due to electric dipole 2p ! 4d transitions is observed at the wave-vector characteristic of antiferromag-
netic ordering. Besides the previously known antiferromagnetic phase transition at TN ! 110 K, an
additional phase transition, between two paramagnetic phases, is observed around 260 K. Based on the
polarization and azimuthal angle dependence of the diffraction signal, this transition can be attributed to
orbital ordering of the Ru t2g electrons. The propagation vector of the orbital order is inconsistent with
some theoretical predictions for the orbital state of Ca2RuO4.

DOI: 10.1103/PhysRevLett.95.136401 PACS numbers: 71.27.+a, 61.10.2i, 75.25.+z, 75.30.2m

The discovery of high-temperature superconductivity
in layered cuprates has stimulated a great deal of inter-
est in the electronic properties of transition metal oxides
(TMOs) in recent years. Among these, 4d electron systems
such as the two-dimensional Mott transition system
Ca2"xSrxRuO4 are particularly interesting. The strong cor-
relations induced by the narrow electron bands, the active
orbital degree of freedom, and the unconventional super-
conductivity discovered in the x ! 2 end member of
this system [1,2] are some of the properties which have
motivated its extensive study. Magnetic and orbital order-
ing are expected to be intimately coupled in 4d com-
pounds, and resonant x-ray diffraction (RXD) is well
suited to elucidate the interplay between these two degrees
of freedom. RXD experiments performed at energies close
to the K-absorption edges of transition metals have been
used to study orbital and magnetic ordering in 3d TMOs
[3–6]. A much larger resonant enhancement of the dif-
fracted intensity is expected at the L edges of transition
metals, because the partially filled d-electron orbitals are
then directly probed by electric dipole transitions. This can
enable the direct observation of orbital ordering. Such
experiments have recently been performed on compounds
with 3d [7–9] and 5d [10] valence electrons, but no
measurements on 4d electron materials have been reported
to date.

Here we report the results of a RXD study at the L edges
of Ru, a 4d transition metal, in the Mott insulator Ca2RuO4
[11]. Several controversial predictions have been made for
the ordering of the 4d t2g Ru orbitals in this system [12–
16], which provide a strong motivation for this investiga-
tion. We observed a pronounced resonant enhancement at
the Ru LII (2.9685 keV) and LIII (2.837 keV) edges of the
magnetic scattering intensity at the wave vector where

antiferromagnetic (AF) order had been reported by neutron
powder diffraction [17]. Significant resonant intensity was
observed also above the Néel temperature, TN ! 110 K,
vanishing at a second phase transition at a much higher
temperature, TOO ! 260 K. We attribute this transition,
which has not previously been observed, to orbital order-
ing. The orbital order is characterized by the same propa-
gation vector as the low-temperature AF state. At wave
vectors corresponding to theoretically predicted orbital
ordering patterns with larger unit cells [13], no signal
was observed.

The crystal structure of Ca2RuO4 is based on RuO2
layers built up of corner-sharing RuO6 octahedra. At TM !
357 K, the material undergoes a first-order transition from
a high-temperature metallic to a low-temperature insulat-
ing phase [11,18,19]. This transition is accompanied by a
structural transition from tetragonal to orthorhombic lat-
tice symmetry, which leads to a contraction of the RuO6
octahedra perpendicular to the RuO2 layers [19]. The Ru
spins order antiferromagnetically below TN ! 110 K
[11,17,20]. In the following, the wave-vector compo-
nents #hkl$ are indexed in the orthorhombic space group
Pbca. The room temperature lattice constants are: a !
5:4097#3$ !A, b ! 5:4924#4$ !A, and c ! 11:9613#6$ !A
[17]. In this notation, the AF order is characterized by
the propagation vector (100).

The experiments were conducted at beam line 4ID-D of
the Advanced Photon Source at Argonne National
Laboratory. The storage ring chamber at this station was
modified to allow measurements at energies as low as
2.6 keV, and the beam path was optimized to minimize
the absorption of the x-ray beam by air. The sample was
mounted in a closed-cycle cryostat capable of reaching
temperatures between 10 and 350 K, on an 8-circle dif-
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Future Science

Current

Proposed

Ferromagnetic
Semiconductors

Mn

Ga

Ferromagnetic Au

Novel Oxide
Heterostructures

Ferromagnetic
Superconductor
RuGd2SrCu2O8
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New Undulators

Soft x-ray Hard x-ray

Undulator specifications:

• Provide: LCP,RCP, horizontal and vertical linear
• Polarization switching at > 10 Hz, switching time < 10 ms
• Energy range: soft (0.4 - 1.5 keV) & hard (2 - 14 keV)

Can it be done in one straight section?
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What We Gain

• Increased flux 

• Expanded polarization control:

- all polarizations on demand at all energies

• Faster switching

- lock-in detection for small signals

•  Expanded energy range:

- soft x-ray: 0.4 - 1.5 eV

- hard x-ray: 2 - 14 keV

• ERL?: Dynamics at ps level
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Beamline Upgrades
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•New beamline would capture > 103 increase in flux
(cannot be done by modifying current beamline)

•New hard x-ray monochromator to maintain 
polarization at < 4 keV

• Superconducting magnet (> 10 T) with low 
temperature ( < 1K) capability
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Conclusions

Gd

Ge

Enhanced polarized x-ray facilities enable 
new understanding of complex materials


